Music comprises periodically repeating sound signals (tones) that are combined sequentially as melodies or simultaneously as harmonies ([@r1]). Although the tones used to make music vary among different traditions, the frequency relationships between tones (musical intervals) are remarkably consistent across cultures and musical styles ([@r2], [@r3]). In particular, relationships defined by small integer ratios, such as 2:1 (the octave), 3:2 (perfect fifth), and 4:3 (perfect fourth) play important roles in major traditions from Europe, Africa, India, the Middle East, and East Asia ([@r4]). Moreover, based on ancient texts and surviving instruments, these relationships have been relatively stable over time ([@r5][@r6][@r7][@r8][@r9]--[@r10]).

The prevalence of intervals in music is closely related to their consonance, a term defined in musicological literature as the "affinity" between tones, as well as the clarity, stability, smoothness, fusion, and pleasantness that arise from their combination ([@r11]). In the current study, we define consonance as the subjective attractiveness of tone combinations. In general, the intervals that occur most frequently across cultures and historical eras correspond to those considered the most consonant by culturally diverse listeners ([@r2], [@r12], [@r13]). Various theories have sought to explain consonance, but their merits remain debated ([@r14][@r15][@r16][@r17][@r18][@r19][@r20][@r21][@r22]--[@r23]). Over the last decade, however, evidence has accumulated that vocal similarity can account for many features of tonal music ([@r12], [@r19], [@r24][@r25][@r26][@r27][@r28][@r29][@r30]--[@r31]). In this interpretation, the appeal of a particular tone combination is based on the relative resemblance of its spectrum to the spectra that characterize human vocalization. The rationale for this theory is that tonal sound stimuli in nature are effectively limited to animal sources, the most biologically important of which are typically conspecific vocalizations. A key feature of human (and many other animal) vocalizations that distinguishes them from inanimate environmental sounds is the harmonic series of acoustic vibrations produced by the quasiperiodic vibration of vocal membranes. Because these spectra---whether prelingual or as speech---harbor critical information about the physical size, age, gender, identity, and emotional state of the vocalizer, selective (and developmental) pressure on their perceptual appeal would have been intense. The implication is that the perceptual mechanisms we use to contend with tonal stimuli have been fundamentally shaped by the benefits of recognizing and responding to conspecific vocalization. Accordingly, we here ask whether the consonance of tone combinations in music can be rationalized on this basis: that is, whether our attraction to specific chords is predicted by their relative similarity to human vocalization.

Answering this question requires perceptual data that document the relative consonance of chords. Previous evaluations have focused on the two-tone combinations ("dyads") that define the chromatic scale, a set of 12 tones over an octave used in much music worldwide ([Table S1](#d35e265){ref-type="supplementary-material"}). Studies of dyadic consonance have been repeated many times over the last century and, despite some variation in consonance ranking, listeners broadly agree on the dyads heard as the most and least attractive ([@r12], [@r32]). Surprisingly, comparable perceptual data are not available for more complex tone combinations, such as triads (three-tone chords) and tetrads (four-tone chords). Studies that have examined the consonance of some of these higher-order chords have typically focused on the small set commonly used in popular music \[e.g., the major, minor, augmented, and diminished triads, and various seventh chords ([@r33][@r34][@r35]--[@r36])\]. We are aware of only two studies that have examined triads and tetrads more broadly; one did not include perceptual data ([@r37]), while the other did not specify which chords were tested ([@r38]). Thus, earlier studies have examined only a small fraction of the data available for evaluating theories of consonance biased in favor of chords prevalent in popular music.

Among the reasons why previous investigations have focused on dyads is that psychophysical theories designed to predict consonance often fail when applied to more complex chords ([@r39]). This deficiency has led some investigators to argue that the perception of higher-order chords is dominated by cultural learning and is therefore not amenable to principled analysis ([@r40]). It is not clear, however, why a perceptual attribute as fundamental to music as consonance should be limited in this way, nor why the influence of cultural learning should be dependent on the number of tones in a chord. In contrast, we argue that a robust theory of consonance should be able to explain the relative attraction of any tone combination, regardless of the number of tones involved ([@r25]). Thus, in addition to retesting the 12 chromatic dyads, we determined average consonance ratings by listeners of all 66 possible chromatic triads and all 220 possible chromatic tetrads that can be formed over a single octave. We then measured the degree of vocal similarity by two metrics and compared the results with perceived consonance.

Methods {#s1}
=======

Subjects. {#s2}
---------

Thirty subjects took part in the study. Fifteen (eight male) were students at the Yong Siew Toh Conservatory of Music at the National University of Singapore (age range = 18--27 y). These subjects had taken formal lessons in Western tonal music at least once per week for an average of 13 y (SD = 3.8). The other 15 subjects (eight male) were students recruited from the University of Vienna (age range = 19--28 y). These subjects had less than a year of weekly music lessons on average (SD = 1.1). Ethical approval was provided by the University of Vienna Ethics Committee.

Stimuli. {#s3}
--------

The chords tested were all 12 dyads, 66 triads, and 220 tetrads that can be formed using the intervals specified by the chromatic scale over one octave. The fundamental frequencies (F0s) of the tones in each chord were adjusted such that the mean F0 of all tones was 263 Hz (middle C; tone F0s ranged from 174 to 349 Hz, ∼F3--F4), and the intervals between them were tuned using just intonation ratios ([Table S1](#d35e265){ref-type="supplementary-material"}). Individual tones were created using the "Bosendorfer Studio Model" piano in Logic Pro-9 (v9.1) ([@r41]). Stimuli were presented over headphones (ATH-M50; Audio Technica; DT 770 PRO; Beyerdynamic) with the volume adjusted to a comfortable level for each participant before starting the experiment and then held constant.

Procedure. {#s4}
----------

Upon arrival, participants were given written instructions explaining the concept of consonance and what would be required of them. The instructions defined consonance as "the musical pleasantness or attractiveness of a sound," and that "if a sound is relatively unpleasant or unattractive, it is referred to as dissonant." After reading the instructions, participants provided written informed consent and were played six example dyads to expose them to the general range of consonance/dissonance evaluated in prior studies; the order of the chords was octave, perfect fifth, minor third, tritone, major seventh, and minor second, and they were told that the progression moved from chords "typically considered more consonant to chords typically considered more dissonant." On each trial of the experiment, the participants heard a single chord and provided a rating of consonance/dissonance using a four-point scale (1 = "quite consonant"; 2 = "moderately consonant"; 3 = "moderately dissonant"; 4 = "quite dissonant") ([@r42]). Participants could listen to a chord as many times as they wished before entering a rating. Dyads, triads, and tetrads were tested in separate blocks, with the order of stimuli within each block randomized across subjects. Each dyad was rated multiple times (allowing assessment of intrarater reliability), whereas each triad and tetrad was only rated once.

Statistics. {#s5}
-----------

For each chord, the mean consonance rating was calculated across subjects. One-way ANOVAs were used to test for significant differences between mean consonance ratings for each chord type, and Tukey's range tests were used to determine which specific pairs of chords (out of all possible pairs) were significantly different while maintaining a family-wise α level at 0.05 ([@r43]). Measures of intrarater and interrater reliability were calculated using intraclass correlations (ICCs) ([@r44]), the values of which were interpreted according to the guidelines provided in Koo and Li ([@r45]).

Assessing Vocal Similarity. {#s6}
---------------------------

For each significant difference in the consonance ratings of two chords, we determined whether or not the chord with greater vocal similarity was judged to be more consonant. We tested vocal similarity in two ways. We first examined how closely the pattern of harmonics in each chord mimicked the single harmonic series characterizing human vocalizations ([Fig. S1](#d35e265){ref-type="supplementary-material"}). The initial step in this analysis was to determine the single series that contained all harmonics in the chord. The fundamental frequency (F0) of this series was calculated as the greatest common divisor (GCD) of the F0s of the tones in the chord. For example, the GCD of a major triad comprising tones with F0s of 400, 500, and 600 Hz is 100 Hz. Thus, the single harmonic series with an F0 of 100 Hz contains all harmonics present in the triad. The next step was to calculate the percentage of harmonics in the single harmonic series that were also present in the chord. We refer to this percentage as the chord's harmonic similarity score; its use as an index of vocal similarity is justified by the fact that the voice is the primary source of harmonic stimulation in a natural auditory environment (see above). The highest frequency considered in the calculation of the harmonic similarity score was the least-common multiple (LCM) of the F0s of the chord (after which the pattern of harmonics repeats). The vocal similarity hypothesis predicts that a chord with a higher harmonic similarity score more closely mimics the pattern of harmonics heard in vocalizations and will thus be more attractive than a chord with a lower harmonic similarity score.

Although harmonic similarity provides a way to compare the spectra of chords with the harmonic patterns found in the voice, it does not address another critical feature of vocalization: the absolute frequency intervals between harmonics. Thus, in a second approach, we compared the absolute frequency intervals between the tones in each chord to the absolute frequency intervals that occur between harmonics in human vocalizations. The intervals between harmonics in the voice are determined by the F0 of phonation, which is restricted by the physical properties of the larynx. Although the human larynx operates across a wide range of F0s ([@r46], [@r47]), studies of vocal range in speech and singing indicate a lower limit of ∼50 Hz ([@r48]). Because each harmonic is an integer multiple of the F0, the minimum absolute frequency interval between successive harmonics typically encountered in human vocalizations is ∼50 Hz. Accordingly, chords containing intervals smaller than 50 Hz are treated here as having lower vocal similarity and are predicted to be heard as less consonant. This analysis was limited to the intervals between the F0s of chord tones because these represent the most powerful harmonics (at least for the piano tones we used). This second metric was only applicable when the minimum interval between the F0s of one or both chords in a given comparison was \<50 Hz. If both chord comprised intervals \<50 Hz, the chord with the greater minimum interval was predicted to be more consonant. See [*SI Methods*](#d35e265){ref-type="supplementary-material"} for further details.

Results {#s7}
=======

Analysis of Subject Groups. {#s8}
---------------------------

The overall patterns of ratings for all chord types were similar for musically trained and untrained subjects. Spearman correlations between means calculated separately for each group were *r* = 0.93 for dyads, 0.92 for triads, and 0.88 for tetrads (*P*s \< 0.0001). The chords considered most and least consonant were also similar in both groups. The average absolute difference between group means for the same chord was less than half a scale point for dyads (mean *=* 0.4, SD *=* 0.26), triads (mean *=* 0.28, SD *=* 0.2), and tetrads (mean *=* 0.36, SD *=* 0.23). Given the degree of similarity in consonance ratings between the two subject groups, the analyses that follow are based on data from all 30 subjects combined. See [*Supporting Information*](#d35e265){ref-type="supplementary-material"} for additional comparisons of musicians vs. nonmusicians.

Dyads. {#s9}
------

The mean consonance ratings for all 12 dyads are shown in [Fig. 1](#fig01){ref-type="fig"}. Intrarater reliability analyses showed that 29 of the 30 subjects exhibited "moderate" or "good" consistency across multiple ratings of the same chord (ICCs ranging from 0.54 to 0.89) ([Table S2](#d35e265){ref-type="supplementary-material"}). The one exceptional subject showed extreme variation across repeated ratings, with an ICC falling nearly three SDs below that of the subject with the next lowest value (0.06 vs. 0.54). However, exclusion of this subject only had minimal effects on the overall results; all data are thus retained in subsequent analyses. The analyses of interrater reliability showed that as a group, subjects exhibited "moderate" consistency in their ratings of the same dyads (single measures ICC = 0.7) ([Table S3](#d35e265){ref-type="supplementary-material"}). However, the reliability of the average consonance ratings (calculated across 30 subjects) was determined to be "excellent" (average measures ICC = 0.99). The average consonance ratings are thus highly reliable, justifying their use in subsequent analyses ([@r44]). ANOVA analysis indicated that there were significant differences between average ratings of individual chords \[*F*~(11,~ ~348)~ = 63.08, *P* \< 0.0001\]. Pairwise comparisons indicated that 76% of all possible dyad pairings (50 of 66) were perceived as significantly different in consonance. The harmonic similarity analysis correctly predicted the chord perceived as more consonant in 96% (48 of 50) of these cases. The frequency intervals analysis was applicable in 44% (22 of 50) of the cases and correctly predicted the chord perceived as more consonant in 86% (19 of 22) of them. At least one metric of vocal similarity correctly predicted perceived consonance in 96% of the pairwise comparisons between dyads determined to be significantly different at the group level (48 of 50). See [*Supporting Information*](#d35e265){ref-type="supplementary-material"} for discussion of the two significant consonance differences (4%) incorrectly predicted by these metrics.

![Dyad ratings. (*A*) Mean consonance ratings calculated across all 30 subjects for the 12 chromatic dyads, sorted from lowest to highest and ranked (equal ranks assigned to chords with the same mean). Each dyad is labeled with an abbreviation of its common name (full names in [Table S1](#d35e265){ref-type="supplementary-material"}) and its component tones, as specified by a list of numbers corresponding to semitone intervals above the lowest tone (labeled "0"). (*B*) The mean consonance ratings in *A* plotted against harmonic similarity score ([*Methods*](#s1){ref-type="sec"}). Error bars represent ±1 SEM.](pnas.1713206115fig01){#fig01}

Triads. {#s10}
-------

The mean consonance ratings for all 66 triads are shown in [Fig. 2](#fig02){ref-type="fig"}. The analyses of interrater reliability showed that as a group, subjects exhibited "moderate" consistency in their ratings of the same triads (single measures ICC = 0.59) ([Table S2](#d35e265){ref-type="supplementary-material"}). However, the reliability of the average consonance ratings (calculated across all 30 subjects) was again determined to be "excellent" (average measures ICC = 0.98), indicating high reliability and justifying their further use ([@r44]). ANOVA analysis indicated that there were significant differences between average ratings of individual chords \[*F*~(65,~ ~1,914)~ = 37.97, *P* \< 0.0001\]. Pairwise comparisons showed that 50% of all possible triad pairings (1,065 of 2,145) were perceived as significantly different in consonance. The harmonic similarity analysis correctly predicted the chord perceived as more consonant in 86% (925 of 1,065) of these cases. The frequency intervals analysis was applicable in 93% (995 of 1,065) of the cases and correctly predicted the chord perceived as more consonant in 90% (894 of 995) of them. At least one metric of vocal similarity correctly predicted perceived consonance in 97% of the pairwise comparisons between triads determined to be significantly different at the group level (1,035 of 1,065). See [*Supporting Information*](#d35e265){ref-type="supplementary-material"} for discussion of the 30 significant consonance differences (3%) incorrectly predicted by these metrics.

![Triad ratings. Mean consonance ratings calculated across all 30 subjects for the 66 chromatic triads, sorted from lowest to highest and ranked. Triads with common names are labeled accordingly (inversions are labeled for the major, minor and diminished triads: r = root, 1 = first inversion, 2 = second inversion). The format is otherwise the same as [Fig. 1*A*](#fig01){ref-type="fig"}.](pnas.1713206115fig02){#fig02}

Tetrads. {#s11}
--------

The mean consonance ratings for a subset of the 220 tetrads tested are shown in [Fig. 3](#fig03){ref-type="fig"}. The analyses of interrater reliability showed that as a group, subjects exhibited "poor" consistency in their ratings of the same tetrad (single measures ICC = 0.46) ([Table S2](#d35e265){ref-type="supplementary-material"}). This was primarily due to the large increase in chords associated with moderate levels of consonance/dissonance relative to dyads and triads; consistency for chords with more extreme consonance/dissonance was "moderate" (single measures ICC = 0.61; calculated on the top and bottom quartiles of the average ratings). Additionally, the reliability of the average consonance ratings calculated across all 30 subjects was again "excellent" (average measures ICC = 0.96), justifying their further use ([@r44]). ANOVA analysis indicated that there were significant differences between average ratings of individual chords \[*F*~(219,~ ~6,380)~ = 21.24, *P* \< 0.0001\]. Pairwise comparisons indicated that 30% of all possible tetrad pairings (7,206 of 24,090) were perceived as significantly different in consonance. The harmonic similarity analysis correctly predicted the chord perceived as more consonant in 83% (6,013 of 7,206) of these cases. The frequency intervals analysis was applicable in 100% (7,206 of 7,206) of significant cases and correctly predicted the chord perceived as more consonant in 93% (6,669 of 7,206) of them. At least one metric of vocal similarity correctly predicted perceived consonance in 99% of the pairwise comparisons determined to be significantly different at the group level (7,101 of 7,206). See [*Supporting Information*](#d35e265){ref-type="supplementary-material"} for discussion of the 105 significant consonance differences (1%) incorrectly predicted by these metrics.

![Tetrad ratings. Mean consonance ratings calculated across all 30 subjects for a subset of the chromatic tetrads sorted from lowest to highest and ranked (see [Fig. S2](#d35e265){ref-type="supplementary-material"} for complete tetrad ratings). Tetrads with common names and tetrads that are extensions of common triads are labeled accordingly (inversions not labeled). The format is otherwise the same as [Fig. 1*A*](#fig01){ref-type="fig"}.](pnas.1713206115fig03){#fig03}

Discussion {#s12}
==========

Ratings of consonance for every possible chromatic dyad, triad, and tetrad within a single octave were obtained from 30 subjects comprising both musicians and nonmusicians. Statistical analyses showed significant differences in average perceived consonance for all three chord types, with a total of 8,321 of 26,301 pair-wise comparisons (32%) being identified as reliably evoking different consonance percepts at the group level. For the vast majority of these (98%), the chord perceived as more consonant was correctly predicted by at least one of the two metrics used to evaluate vocal similarity. Indeed, a large majority (78.6%) was predicted by both methods. This outcome implies that, like other tonal features of music ([@r12], [@r19], [@r24][@r25][@r26][@r27][@r28][@r29][@r30]--[@r31]), the consonance of musical chords can be rationalized in terms of vocal similarity.

The metrics of vocal similarity used here are based on two fundamental aspects of vocal spectra: that is, their harmonic structure and the minimum frequency intervals between harmonics. The importance of harmonic structure for understanding tonal aesthetics in music has been appreciated since Rameau ([@r49]). More recently, the importance of harmonic structure has also been emphasized by neuroscientists, psychoacousticians, and psychologists ([@r12], [@r18], [@r20], [@r21], [@r25], [@r40], [@r50][@r51][@r52]--[@r53]). Although these authors have taken different approaches to evaluating the harmonic structure of tone combinations, the most detailed approach has been that of Parncutt ([@r40]). In his psychoacoustical model of harmony, Parncutt combined estimates of masking with a harmonic template matching procedure to calculate the "complex tonalness" of a chord, which he then used to describe the extent to which it evoked the perception of a single harmonic series \[equal to the perceptual weight associated with the virtual pitch best supported by the chord's spectra ([@r40])\]. However, it is not clear that the added complexity of Parncutt's model corresponds to an increase in the predictive power demonstrated here. For example, Cook and Fujisawa ([@r39]) point out that Parncutt's model predicts that the augmented triad (semitone intervals = 0 4 8) is more consonant than the first and second inversions of the major triad (0 3 8 and 0 5 9, respectively) as well as all inversions of the minor triad (0 3 7, 0 4 9, and 0 5 8). These predictions are incorrect based on the psychoacoustical data obtained here and in other studies ([@r33], [@r38]). In acknowledgment of these discrepancies, Parncutt ([@r54]) points out that "... so far, no psychoacoustical model has succeeded in predicting the relative perceived consonance of common musical chords such as the major, minor, augmented, and diminished triads." In contrast, the harmonic similarity metric used here correctly predicts that augmented triads are perceived as less consonant than all inversions of the major and minor triads ([*Supporting Information*](#d35e265){ref-type="supplementary-material"}). A final point regarding the harmonic similarity metric is that although the calculations we describe are designed to assess chords tuned using just intonation, it would be straightforward to adapt them for less harmonically precise tuning systems (e.g., 12-tone equal temperament) by introducing a tolerance window for judgments of overlap with the GCD harmonic series.

The rationale for the frequency-intervals metric is that the size of the frequency intervals between harmonics in human vocalizations is limited by the range of F0s our larynx can produce. This important aspect of vocalization is not captured by the harmonic similarity metric, which only assesses the overall harmonic pattern of a chord. The frequency-intervals metric addresses harmonic spacing by predicting chords with harmonics that are closer together than those in human vocalizations (less than ∼50 Hz) to be less consonant. In principle, chords with harmonics farther apart than those in human vocalizations would also be predicted to be less consonant, but this principle did not apply here because the largest interval between tone F0s in the chords we tested was only 174 Hz, far below the upper limit of human phonation. Although conceptually different, the frequency-intervals metric bears some similarity to the "roughness" calculations made by many previous models of consonance, which also treat chords with closely spaced harmonics as dissonant ([@r14], [@r37], [@r40], [@r50], [@r55][@r56][@r57][@r58][@r59]--[@r60]). This metric has several advantages over analyses of roughness. First, it avoids the flawed assumption that consonance is equal to an absence of roughness ([@r12], [@r20], [@r51], [@r60], [@r61]). Second, it preempts historical disagreements about how to estimate perceived roughness. For example, roughness models usually assume that maximum roughness occurs at some proportion of the critical bandwidth, but disagree about what this proportion is ([@r40], [@r55], [@r62]). It is also unclear how to combine the roughness resulting from different harmonic interactions into a single value that accurately represents the associated percepts, particularly for chords with more than two tones ([@r40], [@r55], [@r57], [@r63], [@r64]). In sum, compared with previous models that have sought to estimate consonance by an assessment of harmonic structure or by roughness calculations, the approach taken here accords more closely with the available empirical data, is conceptually and computationally simple, and is embedded within a theoretical framework that provides a clear biological rationale for why we are attracted to particular tone combinations.

Apart from showing that vocal similarity can account for the consonance of chords, the main contribution of this work is the empirical derivation of average consonance ratings for all possible dyads, triads, and tetrads within a single octave. The results are relevant to the design of future experiments. They show that not all differences in consonance assumed by music theory are empirically verifiable (at least not with 30 subjects and the response scale used here). For example, the major triad in root position (semitone intervals: 0 4 6) was not perceived as significantly different in consonance from the minor triad in root position (0 3 7) (average consonance ratings = 3.8 vs. 3.4 respectively, *P* = 0.995). This observation is particularly important because studies of triadic consonance and other higher-order chords have tended to limit their focus to these and other popular chords (see earlier). Because the popularity of chords in music is related to their aesthetic appeal, testing only popular chords creates a bias toward attractive tone combinations, reducing contrast between stimuli and requiring subjects to make what may be unreasonably subtle distinctions. When attempting to measure tonal preferences in subjects with very little musical experience (e.g., infants and nonhuman animals), or people with limited exposure to chords, using stimuli with reduced contrast decreases the likelihood of detecting consonance preferences, simply because the subjects are being asked to discriminate between very similar stimuli ([@r4]). The average consonance ratings and associated statistics derived here (provided in the [*Supporting Information*](#d35e265){ref-type="supplementary-material"}) offer an empirical basis for selecting chords that would be most appropriate for such experiments.

Cross-species studies offer a way to test the generality of vocal similarity theory. For species that rely on harmonic vocalizations for social communication, vocal similarity theory predicts some form of attraction to consonant compared with dissonant tone combinations. Experiments assessing tonal preferences in animals have typically used an acoustic place preference paradigm in which consonant/dissonant chords are played through speakers and the subject's proximity to those speakers is the main dependent variable. We are aware of studies in four species, all of which have some harmonic calls in their repertoires ([@r65][@r66][@r67]--[@r68]). The results are mixed, with evidence in support of a preference for consonance in chickens \[*Gallas gallas*, *n* = 81 ([@r69])\] and chimpanzees \[*Pan Troglodytes*, *n* = 1 ([@r70])\], and evidence against consonance preferences in Cotton-top tamarins \[*Saguinus oesdipus*, *n* = 6 ([@r71])\] and Campbell's mona monkeys \[*Cercopithecus campbelli*, *n* = 6 ([@r72])\]. Further studies are thus required to resolve this issue. If such studies aim to test vocal similarity theory, it is essential that the stimuli be customized to reflect the acoustical properties of vocalizations produced by the species in question, both in terms of vocal range as well as other acoustic parameters, such as duration, intensity, and timbre. Attention should also be paid to minimizing stress associated with being exposed to novel/stressful circumstances: for example, by avoiding aversively loud noise and encouraging voluntary participation.

Another key prediction of vocal similarity theory is that the auditory system is more effectively stimulated by tone combinations with spectra resembling harmonic vocalizations. Evidence in support of this prediction comes from two recent neural models of consonance perception. In the "neural pitch salience model," consonant chords stimulate stronger periodic activity at early stations of the auditory pathway, increasing the salience of particular pitches and enhancing their cortical processing ([@r73][@r74][@r75]--[@r76]). In the "neurodynamic model," consonant chords stimulate more stable patterns of resonant activity in neural oscillators through mode-locking between populations with sympathetic intrinsic frequencies ([@r21]). In both models, the key aspect of consonant chords is that their spectra comprise harmonically related frequencies. Because this aspect of consonance is also captured by the metrics of vocal similarity used here, both models (nonexclusively) represent potential mechanistic realizations of vocal similarity. A related point is that although we use two metrics to assess vocal similarity here, they do not necessarily represent distinct neural processes. Indeed, it seems more likely that the neural response is unitary, responding to harmonic similarity only when harmonics are appropriately spaced.

Finally, given ongoing controversy over the roles of biology and culture in determining consonance perception ([@r4], [@r42]), it is important to clarify the implications of vocal similarity theory in this context. It seems fair to reject the attempt to treat biology and culture (nature and nurture) as separate influences on tone perception. For example, Parncutt ([@r40]) argues that nature and nurture can be usefully opposed in terms of innate versus acquired, arguing that the physiology of sensory organs is innate, whereas the guiding principles of particular musical traditions are arbitrary. Similarly, McDermott et al. ([@r42]) recently concluded that consonance is primarily a result of exposure to Western music rather than auditory system neurobiology (see also ref. [@r16]). This approach is problematic, not only because culture is itself a biological phenomenon, but because auditory neurobiology is shaped by experience. Accordingly, it is misleading to characterize the influence of biology on tone perception as "innate," or the influence of culture as arbitrary. Genes do not encode auditory percepts; they make proteins that interact in complex environmentally modulated networks to build and maintain nervous systems ([@r77]). Similarly, trends with no biological appeal seldom enjoy widespread popularity. Vocal similarity theory assumes that consonance perception arises through the evolutionary and developmental interaction of auditory neurobiology with tonal stimuli in the environment, including primarily speech and music.

Conclusion {#s13}
==========

The vast majority of significant differences in musical chord preferences are predicted by simple metrics that evaluate spectral similarity to human vocalizations. These results support the hypothesis that tonal preferences in music are linked to an inherent attraction to conspecific vocalizations and the biological rewards that follow.
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